r To swallow food and liquid safely, airway protection is essential. r Upward and forward movements of the hyoid and larynx in the neck during swallowing vary in magnitude between individuals.
Introduction
Swallowing or deglutition is initiated by a brainstem patterned motor response that is influenced by cortical input and sensory feedback (Jean, 2001) . The cortex exerts volitional control over the onset and magnitude of neural activity for swallowing (Martin et al. 1997 (Martin et al. , 1999 (Martin et al. , 2001 . Sensory feedback from the oral cavity, pharynx and larynx is crucial for initiating the brainstem swallowing response and modulating cortical activity (Miller, 1972; Jean & Car, 1979; Murray & Sessle, 1992; Martin et al. 1997; Teismann et al. 2007; Lowell et al. 2008; Soros et al. 2008) . Deprivation of sensory input can be detrimental to swallow safety by altering airway protection during swallowing (Jafari et al. 2003) .
When peripheral and cortical inputs exceed an activation threshold, the brainstem swallow response is triggered, which synchronizes oropharyngeal and laryngeal movements with upper oesophageal sphincter (UOS) relaxation for bolus transfer from the mouth into the oesophagus (Jean, 2001) . Upper airway closure during swallowing occurs at the level of the vocal folds, ventricular folds and aryepiglottic folds (Shaker et al. 1990; Logemann et al. 1992; Ohmae et al. 1995; Kawasaki et al. 2001; Inamoto et al. 2011) . The three levels constrict and close the laryngeal vestibule to protect the airway. Upward and forward displacements of the hyoid and larynx contribute to two important functions for safe swallowing: laryngeal vestibule closure (Shaker et al. 1990; Logemann et al. 1992; Ohmae et al. 1995; Kahrilas et al. 1997; Kawasaki et al. 2001; Inamoto et al. 2011) and UOS opening (Cook et al. 1989; Jacob et al. 1989; Kahrilas et al. 1991; Yokoyama et al. 2000; Williams et al. 2001) .
Swallowing movements in humans may adapt to changes in anatomy and swallowing conditions throughout development. During gestation, swallows are triggered in the fetus and exhibit increasing oropharyngeal movement coordination, but they do not fully resemble adult swallows (Miller et al. 2003) . Infants weaning from a liquid to semi-solid diet develop retroflexion of the epiglottis over the laryngeal vestibule during swallowing, suggesting implicit adaptation to increases in the need for airway protection (Crompton et al. 1997 (Crompton et al. , 2008 . The epiglottis in the infant overlaps with the soft palate and appears to enable a strong oral cavity seal during suction build-up associated with suck-swallow-breathe sequences (Delaney & Arvedson, 2008) . As craniofacial development and laryngeal descent occurs, the epiglottis no longer overlaps with the soft palate and the biomechanical dynamics shift toward what we see in adults (Delaney & Arvedson, 2008) . Despite facial growth and laryngeal descent between infancy and adolescence, the spatial relationships among the mandible, hyoid and larynx are maintained (Lieberman et al. 2001) . This may facilitate adaptation of swallow-related hyo-laryngeal movements to anatomical changes, and maintain safe deglutition throughout growth and development (Lieberman et al. 2001) . In a mature swallowing system, healthy individuals automatically adjust swallowing movement magnitudes when eating and drinking food and liquid of different volumes and textures (Kahrilas et al. 1996; Ishida et al. 2002) , and when swallowing with different head positions (Leigh et al. 2015) . These findings suggest that a central swallowing system may adapt hyoid and laryngeal movements to changes in anatomy and swallowing conditions, based on sensory feedback over years of swallowing experience.
It is unclear how swallowing movements are scaled by the sensorimotor system, given considerable variation in hyoid and laryngeal movements observed during swallowing (Molfenter & Steele, 2011) . Do individuals adapt swallowing movements to body size, or to the spatial relationships among individual structures required for upper airway closure and UOS opening? Either of these scaling mechanisms may be subject to gradual changes associated with ontogeny, allowing the sensorimotor system for swallowing to slowly adjust. However, the spatial configuration among swallowing structures may also be altered, in which case the system may compensate immediately (Gay et al. 1994) or require sufficient repeated episodes to adapt (Humbert et al. 2013) . In walking, stride length can be scaled by leg length (Hof, 1996; Carty & Bennett, 2009 ). Swallowing may be similarly scaled by overall size, as 14% of the variance in hyoid elevation magnitudes across healthy individuals could be explained by differences in pharyngeal neck length (Molfenter & Steele, 2014) , or by differences in height between individuals (Leonard et al. 2000) .
Despite the vital role of laryngeal excursion and laryngeal vestibule closure in airway protection during swallowing, factors determining how laryngeal movement and vestibule closure are scaled by the sensorimotor system are unknown. The relative ease in measuring the hyoid in motion analysis of swallowing may have obliterated the importance of examining movement adaptation for laryngeal vestibule closure. Past studies have found body height to be unrelated to the extent of laryngeal approximation to the hyoid during swallowing (Leonard et al. 2000) , and the distance between the mandibular symphysis and the larynx did not predict anterior laryngeal displacement (Kern et al. 1999 ).
An alternative to the scaling of swallowing movement by overall size is that swallowing may resemble other forms of skilled motor control such as speech production. In this case, movement magnitude may be predicted by the travel distance required to reach the movement target. Jaw displacement during speech was similar between children and adults, and among adults of varying orofacial sizes (Riely & Smith, 2003) . This suggested that speech movement amplitudes may be independent of overall facial size, but instead depended upon the distance required to approximate the articulators for intelligible speech. As movement targets may not vary despite differences in facial size, few differences in movement magnitudes are seen. On the other hand, when perturbation was applied to the lower lip, abruptly increasing the distance between the lower and upper lip during bilabial closure, individuals immediately compensated by increasing upper lip lowering to achieve bilabial closure (Gracco & Abbs, 1985) . Thus altering distance away from a functional movement target resulted in adjustments in movement to maintain speech intelligibility.
We conducted two studies to examine if the adaptation of hyoid and laryngeal displacements in normal swallowing is driven predominantly by differences in overall body size (i.e. size dependent), or by differences in movement targets (i.e. goal directed). Hyoid and laryngeal displacements may be scaled by the extent of movement required to move the larynx to the hyoid to close the vestibule. In the first study, we examined if differences in movement requirements among healthy individuals due to differences in anatomy would predict hyoid and laryngeal displacement magnitudes required for airway protection during swallowing. We hypothesized that individual differences in the positions among the hyoid, larynx, mandible and cervical spine at rest would better predict the extent of hyoid and laryngeal movements required for safe swallowing than pharyngeal neck length. If so, then we would expect less variation across individuals after normalizing hyo-laryngeal displacements by the resting dimensions of these structures prior to swallowing. Sex differences in hyo-laryngeal displacements due to size would also be expected to diminish after spatial normalization.
In the second study, we manipulated hyo-laryngeal spatial configurations at rest by changing head positions to determine if healthy individuals would immediately compensate by altering hyo-laryngeal displacement magnitudes during swallowing. We hypothesized that changes in head position, which alter the spatial relationships among structures, would be compensated for by changes in movement magnitudes to maintain safe swallowing.
Methods

Study 1
Subjects and ethical approval. Healthy adult volunteers between 20 and 80 years old gave written informed consent to participate in protocols approved by the Institutional Review Boards (IRBs) at James Madison University (14-0288) and Sentara Rockingham Memorial Hospital (RMH) Medical Centre (14-04). Volunteers were excluded based on a screening questionnaire if they had swallowing difficulty, history of neurological disorder affecting swallowing function, acid reflux diagnosed by a physician, or history of head and neck cancer. De-identified archived video recordings of healthy volunteers gathered under an IRB approved protocol (99-N-0178) from the National Institute of Neurological Disorders and Stroke were also used. The study conformed to the standards set by the Declaration of Helsinki.
Procedure. A radio-opaque ball with a 19 mm diameter was taped on the subject's neck posterior to the spine for calibration of pixels into millimetres. A digital Siemens fluoroscope (Model AXIOM Luminos TF) captured a lateral view of the anterior neck from the trachea and below the UOS, to the posterior spine from the first (C1) to the 6th (C6) cervical vertebra, and superiorly to the floor of the nasal cavity (Fig. 1) . The examiner delivered 5 ml of thin liquid barium (Varibar; 40% w/v) orally by syringe to the subject. This liquid consistency and volume are consistent with that used for clinical videofluoroscopic examinations of swallowing in patients with dysphagia (Martin-Harris et al. 2008 ), which will allow future comparisons to be made with a clinical population. The fluoroscope was turned on and the examiner instructed the subject to swallow the entire bolus in one swallow, on command to 'swallow now' . Each subject completed a least one swallow trial of 5 ml thin liquid. Magnification was unchanged antero-inferior corner of the 2nd cervical vertebra (C2); antero-inferior corner of the 4th cervical vertebra (C4); antero-inferior corner of the hyoid bone (representing the hyoid); antero-superior corner of the subglottic air column (representing the larynx); postero-superior corner of the subglottic air column; and postero-inferior corner of the mandibular symphysis (representing the mandible). The y-axis intersects the antero-inferior corners of C2 and C4. The x-axis is at 90 deg to y and intersects the origin at the antero-inferior corner of C4. The hyoid bone and the superior aspect of the subglottic air column are outlined. J Physiol 595.5 throughout the swallow. Each fluoroscopic swallow trial was captured at 30 frames s −1 to synchronize with the digital fluoroscopic pulsing rate of 30 frames s −1 , and saved in .avi format using a D-scope System (D-scope Systems, Brooklyn, NY, USA).
Data processing. Recordings were imported into Peak Motus 8.5 (Vicon Denver, Centennial, CO, USA) for distance calibration and two-dimensional motion analysis. Whenever archived recordings comprised more than one 5 ml thin liquid trial per subject, the first of these trials was analysed to be consistent with other subjects who completed only one swallow trial.
Measurement of airway protection. Each de-identified videofluoroscopic swallow was rated by the first investigator on the penetration-aspiration scale (PAS) (Rosenbek et al. 1996) to assess the integrity of airway protection.
Conversion into millimetres. The diameter of the calibration ball was measured for each swallow trial when the head of the bolus reached the angle of the mandible. As fluoroscopic magnification remained unchanged, the same scaling factor was automatically applied to all other frames in the same recording.
Spatial analysis. The antero-inferior corner of the 4th cervical vertebra (C4) was the origin for the x-and y-axes in the horizontal and vertical dimensions, respectively. The y-axis connected the origin to the antero-inferior corner of the 2nd cervical vertebra (C2), while the x-axis was perpendicular to the y-axis at the origin (Fig. 1) . A spatial model of the measurement points for motion analysis was set up in Peak Motus 8.5, where the position of each point was tracked manually frame-by-frame using a cursor. Points tracked on each frame of the video recording were: (i) antero-inferior corner of C2; (ii) antero-inferior corner of C4; (iii) antero-inferior corner of the hyoid bone (representing the hyoid); (iv) antero-superior corner of the subglottic air column (representing the larynx); (v) postero-superior corner of the subglottic air column; and (vi) postero-inferior corner of the mandibular symphysis (Fig. 1) . Segmental distances among these measurement points, to be explained further, were also derived from each frame.
Motion analysis began before swallowing on the frame 1 s before the head of the bolus reached the angle of the mandible, and continued until 1 s after the tail of the bolus passed the antero-inferior corner of C6 (Fig. 2) . If hyoid and larynx movement had already begun 1 s before the bolus head reached the mandibular angle, then motion analysis began closer to the start of the fluoroscopic recording to capture the resting positions of the hyoid and larynx while the bolus was held in the oral cavity. The rationale for measuring positions prior to the bolus reaching the mandible was that motor planning for hyoid and laryngeal motion probably depends upon oral sensation of the bolus in the mouth and the spatial configuration of the pharyngeal and laryngeal structures prior to swallowing (Humbert et al. 2012) . Furthermore, the bolus-hold position prior to swallowing was found to be a stable reference across videofluoroscopic studies for kinematic measurements of swallowing (Leonard et al. 2004) .
Filtering the kinematic time series data. A fourth-order zero time lag Butterworth low-pass filter with a cutoff frequency of 4 Hz was applied within Peak Motus 8.5 to smooth the time series kinematic data for x and y over time. As recursive forward and backward passes were made during filtering, no time lag occurred. The smoothed Minimum area of the triangle bounded by: the hyoid, larynx and the postero-superior corner of the subglottic air column during swallowing. Obtained by applying Heron's formula (Veljan, 2000) to the time series of the segmental distances between the 3 points, and identifying the minimum value.
AP, antero-posterior; SI, supero-inferior. a Measurements used in Study 2.
position and segmental distance time series data were exported into MATLAB R2013a (The Mathworks, Inc., Natick, MA, USA).
Anatomical measurements made at rest before swallowing. Pharyngeal neck length between C2 and C4 was previously found to be highly correlated with body height (Molfenter & Steele, 2014) and therefore represented body size (Table 1 , Fig. 3 ). At rest, measurements were made of distances between the hyoid and larynx. First, the distance between the antero-inferior hyoid and the postero-superior corner of the subglottic air column was measured as the hyo-laryngeal length (Table 1 , Fig. 4A ). Previous studies have measured laryngeal vestibule opening by the width between the epiglottic base and the arytenoids (Welch et al. 1993; Inamoto et al. 2011) , or the height between the hyoid and the antero-superior subglottic air column before swallowing (Bülow et al. 1999; Leonard et al. 2000; Kuhl et al. 2003) . In contrast with resting position (Fig. 4B) , the undersurface of the epiglottis cannot be reliably identified during vestibule closure when the epiglottis approximates the aryepiglottic folds and the arytenoids (Fig. 4C , and Kahrilas et al. 1997 ). Therefore we chose to measure the hyo-laryngeal area from the antero-inferior hyoid to the postero-superior and the anterior dimensions of the subglottic air column (Table 1 , Fig. 4A ). At rest, measurements of hyo-laryngeal length,
hyo-laryngeal area, and hyoid and laryngeal positions were made from the first data point in the time series (i.e. the first frame of motion analysis; Table 1 , and Figs 3 and 4A).
Kinematic measurements during swallowing. Initial positions of the hyoid and larynx were linearly transposed so that all first data points had a position of 0 mm (Fig. 2) . Measurements of hyoid and laryngeal excursion and minimal hyo-laryngeal area during swallowing are defined in Table 1 . As stated earlier, the epiglottal tip and its lateral surface often cannot be distinguished and may be obscured by bolus flow during swallowing ( Fig. 4C , and Kahrilas et al. 1997) , interfering with measuring laryngeal vestibule closure. Therefore, we chose the antero-inferior hyoid instead of the epiglottis as the rostral limit of the hyo-laryngeal space in the time interval between bolus-hold and swallow completion. The spatial measure of minimal hyo-laryngeal area during swallowing was defined in this study as the minimum area of the triangle between the antero-inferior hyoid and the anterior to posterior aspect of the superior subglottic air column during swallowing (Table 1 , Fig. 4D ). The boundaries of this area were consistent with those of the hyo-laryngeal area measured before swallowing (Fig. 4A ). When tracked frame-by-frame, they represent dynamic change in space between the hyoid and larynx from resting to the end of swallowing. Our area measurement also quantified the antero-posterior and supero-inferior dimensions of the space, in contrast to previous studies using a one-dimensional measure of larynx to hyoid approximation to represent vestibule closure (Leonard et al. 2000; Kuhl et al. 2003) .
Statistical analyses. Statistical analyses were conducted using IBM SPSS Statistics for Macintosh, Version 22.0 (IBM Corp, Armonk, NY, USA).
Measurement reliability. The first investigator reanalysed all videos to replicate all 14 anatomical and swallowing kinematic measurements in Table 1 for intra-rater reliability. A second rater independently analysed 30% of the videos for inter-rater reliability. For each measure, a single-measure intra-class correlation coefficient (ICC) was computed based on a two-way random effects model (assuming the effects of subject and swallow trial were random). The indications of intra-and inter-rater agreement, respectively, were determined by: (1) the absolute and percentage differences of the second data set relative to the first data set processed by the first investigator, and (2) the absolute and percentage differences between the second rater and the first data set processed by the first investigator. The first data set processed by the first investigator was used in subsequent analyses.
Relationships between anatomical and kinematic measurements. Simple linear regressions were conducted to determine if the anatomical measurements at rest predicted the kinematic measurements made for each swallow (Table 2 ). Linear equations were derived in the form of Y = bX + c, where b was the slope and c was the intercept. To correct for multiple predictors, α = 0.05/the number of anatomical measurements examined for movement prediction. For laryngeal elevation, three predictors were tested (α = 0.017): hyo-laryngeal length, hyo-laryngeal area and pharyngeal neck length at rest. For anterior laryngeal excursion, two predictors were tested (α = 0.025): larynx antero-posterior (AP) position and pharyngeal neck length at rest. For hyoid elevation, two predictors were tested (α = 0.025): hyoid to mandible distance and pharyngeal neck length at rest. For anterior hyoid excursion, two predictors were tested (α = 0.025): hyoid AP position and pharyngeal neck length at rest. The relationship between hyoid AP and supero-inferior (SI) excursion and hyoid AP and SI position at rest was tested (α = 0.05). The relationship between laryngeal-hyoid elevation difference and hyo-laryngeal length at rest was tested (α = 0.05). Lastly, the relationship between minimal hyo-laryngeal area during swallowing and hyo-laryngeal area at rest was tested (α = 0.05). If more than one anatomical measure predicted a particular kinematic measure, a multiple regression with simultaneous entry of the predictors was conducted to examine which anatomical measure(s) contributed to predicting movement magnitude (α = 0.05). Effect sizes were determined using r 2 values. Non-linear exponential relationships between the above anatomical and movement measurements were also tested. This verified if linearity was a sufficient and most parsimonious representation of each relationship. Exponential relationships were expressed by the equation
, where C was the y-intercept and k was the approximate percentage change in Y for every unit increase in x. The linear and exponential relationships were compared using the goodness of fit statistic, R 2 = (1 − Residual sum of squares)/Corrected sum of squares, with larger R 2 values indicating a better fit.
Relationship between hyo-laryngeal area reduction and hyoid and laryngeal displacements. Simple linear regressions were conducted between reduction in hyo-laryngeal area from rest to swallowing (Hyo-laryngeal area at rest -Minimal hyo-laryngeal area during swallowing) and laryngeal elevation, anterior laryngeal excursion, hyoid elevation, anterior hyoid excursion, and laryngeal-hyoid elevation difference. A Bonferroni-corrected α of 0.01 was used to correct for multiple analyses.
Effect of spatial normalization. To determine if correcting for individual differences in anatomy reduced variability in kinematic measurements of swallowing between subjects, we compared the coefficient of variation (standard deviation divided by the mean) of raw kinematic measurements of hyoid and laryngeal displacement and minimal hyo-laryngeal area during swallowing with spatially normalized kinematic measurements. Spatially normalized measurements were derived using the formula:
Normalized measure = Raw kinematic measure Anatomical measure × 100 %.
However, if linear regression of the raw kinematic measurement on an anatomical measurement produced an intercept that was significantly different from 0, then this intercept was accounted for in spatial normalization. Significant relationships in multiple regression analyses are in bold. r, Pearson correlation coefficient; r 2 , proportion of variance explained by the regression model; b, slope of the regression line; c, y-intercept of the regression line; SE b , standard error of slope b; F, F ratio; P, P value; AP, antero-posterior; SI, supero-inferior. †Intercept significantly different from 0, P < 0.05. * Significant using corrected α = 0.017. * * Significant using corrected α = 0.025. * * * Significant using corrected α = 0.05.
If a relationship was better represented by an exponential than a linear equation, then
Normalized measure = Raw kinematic measure e −k(Anatomical measure) .
To study the effect of spatial normalization on sex, differences between males and females in raw and normalized kinematic measurements were determined using independent t tests (α = 0.05).
Study 2
In Study 2, we determined if hyoid and laryngeal movement adaptation for safe swallowing changed in response to direct manipulation of the starting head position within individuals.
Subjects and ethical approval. Healthy adults between 20 and 80 years old were recruited as volunteers separately from Study 1, and gave written informed consent to participate in protocols approved by the IRBs at James Madison University (14-0288) and Sentara RMH Medical Centre (14-04). The same inclusion/exclusion criteria as Study 1 were followed. The study conformed to the standards set by the Declaration of Helsinki.
Procedure. The same fluoroscopic and recording equipment as those in Study 1 were used. Figure 5 shows the experiment setup. A straight metal strip was taped to the left side of the subject's face between the tragus of the left ear and the lower border of the left eye orbit. A 6 cm long straight metal rod was attached along the left side of the neck. The position of this rod was adjusted under fluoroscopy so that it was parallel to the cervical spine between C2 and C4. Each subject also wore a headband with a laser pointer attached to it just above the left ear, to project the laser beam onto a wall about 2.5 m opposite. The subject was instructed to keep the head in a comfortable position while seated on the fluoroscopy chair. To measure head tilt angle relative to the cervical spine, a digital goniometer (iGaging, St Clemente, CA, USA) was placed over the opening of the left external ear canal. The angle between the metal strip at the orbit and the metal rod on the neck was measured. This was the head tilt angle in neutral position ('neutral angle'). A target circle 7.5 cm in diameter was attached to the wall where the laser beam projected while the subject maintained neutral head position. The subject was instructed to maintain this head position by keeping the laser beam within the boundary of the circle. A syringe containing 5 ml of thin liquid barium (Varibar, 40% w/v) was delivered orally by the examiner. The subject was reminded to keep the laser beam within the circle while holding the bolus in the mouth and throughout the swallow. The fluoroscope was then turned on and the examiner instructed the subject to swallow the entire bolus in one swallow, on command to 'swallow now' .
Five more 5 ml thin liquid barium swallows trials used the same procedures as described, each in a different head tilt position from neutral, totalling six swallow trials per subject. For Trials 2-6, the subject was instructed to tilt the head backward, or forward and downward relative to the neutral angle measured in Trial 1, to produce head tilt angles at +5, +10, −5, −10 and −15 deg from the neutral angle. These were presented in randomized order for each subject. The order was randomized instead of counter-balanced across subjects, as the possible number of permutations to counter-balance five different head positions (120 combinations) far exceeded the number of subjects that could be recruited. The head tilt downward angles chosen were consistent with the angles of −11 to −19 deg from neutral as previously reported (Shanahan et al. 1993; Welch et al. 1993; Steele et al. 2011) . The upper limit for head backward position was +10 deg from neutral, as head extension of more than 15 deg from neutral may affect UOS relaxation (Castell et al. 1993) . With each change in head tilt angle, the examiner moved the circle target up or down the wall according to where the laser beam projected, and the subject used the laser light within the circle as visual feedback to minimize extraneous head movement during a trial.
Data processing. Six swallow trials were analysed per subject. Recordings were imported into Peak Motus 8.5 (Vicon Denver, Centennial, CO, USA) for distance calibration, two-dimensional motion analysis and data smoothing following the same procedures as Study 1.
Measurement of airway protection. The videofluoroscopic recording of each swallow trial was rated by the first investigator on the penetration-aspiration scale (PAS) (Rosenbek et al. 1996) to assess the integrity of airway protection, without knowledge of the experimental conditions.
Anatomical and kinematic measurements. Anatomical measurements of hyo-laryngeal positions before swallowing were a subset of those in Study 1 (Table 1) including: (a) hyo-laryngeal length at rest; (b) hyo-laryngeal area at rest; (c) hyoid AP position; (d) hyoid to mandible distance; and (e) larynx AP position. Additionally, two measurements were extracted from the same video frame: (f) hyoid y position, and (g) larynx y position relative to the origin at C4.
The following measurements of displacement and minimal hyo-laryngeal area were derived during (Table 1) : laryngeal elevation, anterior laryngeal excursion, hyoid elevation, anterior hyoid excursion, laryngeal-hyoid elevation difference and minimal hyo-laryngeal area. In addition, reduction in hyo-laryngeal area from resting to swallowing was calculated (Hyo-laryngeal area at rest -Minimal hyo-laryngeal area during swallowing).
Change in head tilt angle. For each swallow trial at a different head tilt position including neutral, head tilt angle relative to the cervical spine was derived from Peak Motus 8.5. The angle between the line connecting C2 to C4 and the line connecting the orbit to the tragus was measured on every frame during motion tracking on every trial. Each angle time series was smoothed using a fourth-order zero-phase Butterworth low-pass filter with a cutoff frequency of 4 Hz in Peak Motus 8.5. The mean head tilt angle across all frames for each trial was then computed. For each of the six swallows produced by each subject, Change in head tilt angle relative to neutral angle = Mean head tilt angle − Neutral angle. Thus neutral head position had a change in angle of 0 deg, while positive angles greater than 0 deg indicated higher back tilt of the head position relative to neutral head position, and negative angles less than 0 deg represented lower head down position relative to neutral. These angles varied on a continuous scale rather than in stepwise increments, as the subjects were unable to produce the same degree of head tilt as targeted despite visual feedback with the laser light.
Statistical analyses. Analyses were conducted using the proc mixed command in SAS (SAS software Version 9.4 of the SAS System for Windows; SAS Institute Inc., Cary, NC, USA).
Effect of head position on hyo-laryngeal position, length and area at rest. A linear mixed model was used to examine the relationship between change in head tilt angle relative to neutral angle and each of the following seven measurements at rest (Table 4) : hyoid AP position, hyoid y position, larynx AP position, larynx y position, hyo-laryngeal length, hyo-laryngeal area and hyoid to mandible distance (Table 4) . Change in head tilt angle was entered as a fixed effect predictor. Five mixed effects model specifications were tested in each of the seven analyses for goodness of fit based on the Akaike information criterion (AIC). The model specifications were: (1) random intercept only; (2) random intercept and random slope, with unstructured covariance between subjects; (3) no random intercept or slope, with continuous first-order autoregressive (AR1) within-subjects covariance structure; (4) random intercept only with continuous AR1 within-subjects covariance structure; and (5) random intercept and random slope with unstructured between-subjects covariance and continuous AR1 within-subjects covariance structure. The most parsimonious model with the lowest AIC was selected for null hypothesis testing and derivation of estimates for fixed and random effects. A Bonferroni-corrected α of 0.007 (0.05/7) was used to correct for multiple analyses.
Effect of initial hyo-laryngeal position, length and area on hyo-laryngeal displacements during swallowing. Measurements of initial hyo-laryngeal positions, length and area that were significantly predicted by change in head tilt angle, were then tested for whether they predicted changes in hyo-laryngeal movements and minimal hyo-laryngeal area during swallowing. For laryngeal elevation, the three possible predictors were: hyo-laryngeal length, hyo-laryngeal area, and/or initial y position of the larynx at rest (α = 0.017). For anterior laryngeal excursion, a possible predictor was larynx AP position (α = 0.05). For hyoid elevation, two possible predictors were: initial y position of the hyoid and/or hyoid to mandible distance (α = 0.025). For anterior hyoid excursion, a possible predictor was hyoid AP position (α = 0.05). For laryngeal-hyoid elevation difference, a possible predictor was hyo-laryngeal length at rest (α = 0.05). For minimal hyo-laryngeal area during swallowing, a possible predictor was hyo-laryngeal area at rest (α = 0.05). Each predictor was entered univariately into a linear mixed effects model as a fixed effect. For each relationship, the five model specifications described above were tested for goodness of fit, and the one with the lowest AIC statistic and greatest parsimony was selected for null hypothesis testing and derivation of fixed and random effects estimates.
Relationship between hyo-laryngeal area reduction and difference between laryngeal and hyoid elevation. We investigated if the reduction in hyo-laryngeal area from its initial to minimum area during swallowing was predicted by laryngeal-hyoid elevation difference during swallowing at different head tilt positions (α = 0.05). Five linear mixed model specifications, as described above, were also examined for goodness of fit before null hypothesis testing based on the lowest AIC and greatest parsimony.
Results
Study 1
Subject and swallow characteristics. Swallows of 21 adults (9 males) between the ages of 20 and 69 years (mean = 39 years) were analysed in Study 1. No penetration or aspiration occurred in 15 of the swallows (PAS score 1). In six swallows, transient penetration into the vestibule above the level of the vocal folds was seen during swallowing, which was cleared spontaneously on swallow completion (PAS score 2).
Measurement reliability. Intra-rater agreement was excellent (mean ICC coefficient = 0.95, range 0.89-0.98), and inter-rater was good to excellent (mean ICC coefficient = 0.87, range 0.66-0.99) on the 14 measurements listed in Table 1 . Laryngeal-hyoid elevation difference had the lowest inter-rater ICC of 0.66, as inter-rater measurement differences in both laryngeal elevation and hyoid elevation would have contributed to inter-rater difference in this composite measurement. The average absolute difference (average percentage difference in parentheses) between measurements replicated by the same rater was 1.2 mm (7.1%) for distance or length measurements, and 33.7 mm 2 (10.0%) for area measurements. The average absolute difference (average percentage difference in parentheses) between measurements derived by two different raters was 1.6 mm (9.1%) for distance or length measurements, and 32.7 mm 2 (11.1%) for area measurements. Only measurements by the first investigator from the first dataset were used for all subsequent data analyses.
Predictors of hyoid and laryngeal displacements during swallowing. Simple linear regression analyses showed that laryngeal elevation during swallowing was significantly predicted by: hyo-laryngeal length, hyo-laryngeal area and pharyngeal neck length at rest (Table 2) . However, multiple linear regression of these anatomical measurements on laryngeal elevation showed that only hyo-laryngeal length at rest significantly predicted laryngeal elevation (slope b = 0.62, t = 2.29, P = 0.035), semipartial r 2 (sr 2 )representing the unique proportion of variance explained in the multiple regression model = 0.07. Neither hyo-laryngeal area (b = 0.01, t = 0.65, P = 0.52, sr 2 = 0.005), nor pharyngeal neck length at rest (b = 0.20, t = 0.59, P = 0.56, sr 2 = 0.004) had a unique contribution in predicting laryngeal elevation, as sr 2 was negligible in both. Exponential relationships did not perform better than simple linear models in representing these relationships; change in R 2 between the exponential and linear models (R 2 change) ࣘ0.02. Pharyngeal neck length did not predict anterior laryngeal excursion (Table 2 ; R 2 change from linear to exponential model = 0), but larynx AP position did (Table 2 ). An exponential equation represented this relationship better than the linear
where C = 101.9 and k = 0.087 (R 2 change = 0.18). For every 1 mm that the larynx was closer to the cervical spine before swallowing, anterior laryngeal excursion increased by about 9% during swallowing (Fig. 6) .
Hyoid elevation was significantly related to pharyngeal neck length as well as hyoid to mandible distance (Table 2) The farther forward the larynx is anterior to the cervical spine, the less anterior movement occurs during swallowing. Each dot represents one subject in Study 1 (n = 21).
J Physiol 595.5 t = 3.20, P = 0.005, sr 2 = 0.20. Hyoid AP and SI excursion was significantly related to hyoid AP and SI position before swallowing (Table 2) . Anterior hyoid excursion was unrelated to either of the anatomical measures examined ( Table 2 ). The exponential relationships were comparable to the simple linear relationships (change in R 2 ࣘ 0.02). Laryngeal-hyoid elevation difference was significantly predicted by hyo-laryngeal length at rest, while minimal hyo-laryngeal area during swallowing was significantly related to hyo-laryngeal area before swallowing (Table 2) . Exponential relationships were also comparable to the linear relationships (change in R 2 ࣘ 0.01).
Relationship between hyo-laryngeal area reduction and hyoid and laryngeal displacements. Laryngeal-hyoid elevation difference significantly predicted reduction in hyo-laryngeal area (Fig. 7) , F(1,19) = 45.8, P < 0.001, b = 12.7, standard error of the slope (SE b ) = 1.9, r 2 = 0.71. Laryngeal elevation also predicted the reduction in hyo-laryngeal area (F(1,19) = 38.6, P < 0.001, b = 7.4, SE b = 1.2, r 2 = 0.67), but not anterior laryngeal excursion (F(1,19) = 3.3, P = 0.09, r 2 = 0.15), hyoid elevation (F(1,19) = 6.1, P = 0.02, r 2 = 0.24), or anterior hyoid excursion (F(1,19) = 1.3, P = 0.26, r 2 = 0.07) using a corrected α of 0.01. Effect of spatial normalization. As laryngeal elevation, anterior laryngeal excursion, hyoid elevation, hyoid AP and SI excursion, laryngeal-hyoid elevation difference, and minimal hyo-laryngeal area during swallowing were each predicted by at least one anatomical measure, their corresponding normalized measurements were computed to examine variability after correcting for individual differences in anatomy. Normalized anterior laryngeal excursion was computed using the equation:
Normalized anterior laryngeal excursion = Raw anterior laryngeal excursion e (−0.087)(Larynx AP position )
Normalizing laryngeal elevation as a percentage of hyo-laryngeal length at rest reduced individual variability substantially compared to raw laryngeal elevation (Table 3 ). This was not the case when normalizing by hyo-laryngeal area at rest, or by pharyngeal neck length (Table 3) . Normalizing anterior laryngeal excursion by larynx AP position also reduced variability compared to raw anterior laryngeal excursion (Table 3) . Normalizing hyoid elevation as a percentage of pharyngeal neck length reduced individual variability (Table 3) . However, normalizing hyoid elevation by hyoid to mandible distance, and normalizing hyoid AP and SI excursion by hyoid AP and SI position increased variability (Table 3) . Variability reduced when laryngeal-hyoid elevation difference was normalized by hyo-laryngeal length at rest. Further, when minimal hyo-laryngeal area during swallowing was normalized by hyo-laryngeal area at rest, variability was reduced (Table 3) .
As expected, males had greater hyo-laryngeal length (t = 6.1, P < 0.001, Cohen's d = 2.7), hyo-laryngeal area (t = 10.6, P < 0.001, Cohen's d = 4.5) and pharyngeal neck length (t = 3.7, P = 0.002, Cohen's d = 1.6) than females. Sex differences in laryngeal elevation (t = 3.9, The greater the magnitude of laryngeal elevation exceeding that of hyoid elevation during swallowing, the greater the reduction in hyo-laryngeal area from resting to swallowing. Each circle represents one subject in Study 1 (n = 21). AP, antero-posterior; SI, supero-inferior. P = 0.001, Cohen's d = 1.7) diminished after correcting for hyo-laryngeal length (t = −0.5, P = 0.6, Cohen's d = 0.2) and hyo-laryngeal area at rest (t = −0.9, P = 0.4, Cohen's d = 0.4). However, males and females still differed after correcting laryngeal elevation by pharyngeal neck length (t = 2.7, P = 0.01, Cohen's d = 1.2). Males had greater hyoid elevation than females (t = 2.5, P = 0.02, Cohen's d = 1.0), but this difference was non-significant after normalizing by pharyngeal neck length (t = 0.3, P = 0.8, Cohen's d = 0.1).
Study 2
Subject and swallow characteristics. Ten adults (3 males) between the ages of 21 and 66 years (mean = 47 years) participated, two of whom also participated in Study 1. Sixty swallow trials were analysed, six from each subject. Of the 60, no penetration or aspiration (PAS score 1) was observed in 46 swallows; 13 swallows had penetration into the vestibule above the level of the vocal folds with spontaneous clearance on swallow completion (PAS score 2); and one swallow received a PAS score of 4 (penetration down to the level of the vocal folds with clearance). The anterior and postero-superior corners of the subglottic air column at rest before the swallow were obscured by the shoulders in one trial of a subject. Therefore 59 data points were analysed on the following measurements: larynx AP position, initial y position of the larynx, hyo-laryngeal length at rest, hyo-laryngeal area at rest, laryngeal elevation, anterior laryngeal excursion, laryngeal-hyoid elevation difference, and minimal hyo-laryngeal area during each swallow.
Effect of head position on hyo-laryngeal position, length and area at rest. Change in head tilt angle from neutral position significantly (P < 0.007) altered the following anatomical measurements before swallowing (Table 4) : hyoid y position (Fig. 8A) ; larynx y position (Fig. 8B) ; hyo-laryngeal length (Fig. 8C) ; hyo-laryngeal area (Fig. 8D) ; and hyoid to mandible distance (Fig. 8E) . Change in head tilt angle did not alter hyoid x position or larynx x position before a swallow (Table 4) .
Effect of initial hyo-laryngeal position, length and area on hyo-laryngeal displacements during swallowing.
Laryngeal elevation was significantly predicted by hyo-laryngeal length (Fig. 9A ) and hyo-laryngeal area at rest (Fig. 9B) , but not by the initial y position of the larynx (Table 5) . Hyoid elevation was significantly predicted by hyoid to mandible distance (Fig. 9C) , but not by hyoid y position before swallowing (Table 4) . Hyo-laryngeal length at rest significantly predicted laryngeal-hyoid elevation difference during swallowing (Fig. 9D , Table 5 ), while hyo-laryngeal area at rest significantly predicted minimal hyo-laryngeal area during swallowing (Fig. 9E , Table 5 ). As anterior laryngeal and hyoid excursions did not have any predictors altered by change in head position, no further analyses were conducted. Greater change in head tilt angle relative to neutral angle (on x-axis of each figure) was significantly (P < 0.007) associated with increase in: hyoid y position at rest (A), larynx y position at rest (B), hyo-laryngeal length at rest (C), hyo-laryngeal area at rest (D), and hyoid to mandible distance at rest (E). Measurements were made from 10 subjects who each swallowed in six different head tilt positions. The trendline for each subject is shown on each plot. Figure 9. Significant relationships (P < 0.001) between measurements during swallowing and anatomical measurements before swallowing across 6 trials in 10 subjects The trendline for each subject is shown on each plot. A, relationship between laryngeal elevation during swallowing and hyo-laryngeal length at rest. B, relationship between laryngeal elevation during swallowing and hyo-laryngeal area at rest. C, relationship between hyoid elevation and hyoid to mandible distance at rest. D, relationship between laryngeal-hyoid elevation difference and hyo-laryngeal length at rest. E, relationship between minimal hyo-laryngeal area during swallowing and hyo-laryngeal area at rest. F, significant (P < 0.0001) relationship between reduction in hyo-laryngeal area from resting to swallowing and laryngeal-hyoid elevation difference. Significant relationships are in bold. SE, standard error; t, t statistic; d.f., degrees of freedom; P, P value; AIC, Akaike information criterion; AR1, continuous first-order autoregressive covariance structure; SP(EXP), spatial (exponential) covariance structure; AP, antero-posterior. * Effect of change in tilt angle significantly different from 0 using corrected α = 0.007. † Intercepts differed significantly across individuals, P < 0.05. a Lowest AIC in random intercept and random slope model with unstructured between-subjects covariance. b Lowest AIC in random intercept-only model. c Lowest AIC in random intercept-only model with continuous AR1 within-subjects covariance (covariance estimate SP(EXP) = 0.4, P = 0.05).
Relationship between hyo-laryngeal area reduction and difference between laryngeal and hyoid elevation.
Based on the 'random intercept-only' model that yielded the lowest AIC, laryngeal-hyoid elevation difference was significantly related to the reduction in hyo-laryngeal area during swallowing (fixed effect of slope = 8.2, SE = 1.3, d.f. = 56.8, t = 6.5, P < 0.0001; random intercept covariance estimate = 1107, SE = 567, Z = 2.0, P = 0.03) (Fig. 9F ).
Discussion
Two studies were conducted to examine if movement during swallowing depends upon overall size, or is driven by movement targets required for laryngeal airway protection for safe swallowing. If swallowing movements were scaled by body size, then in the first study, stronger relationships would have been found between pharyngeal neck length and swallowing movement across healthy individuals of different body size. Individual variability and sex differences in movement magnitudes would also reduce substantially after controlling for body size. Conversely, if swallowing movements were goal directed, movement magnitudes would be more related to the hyo-laryngeal area before swallowing. These relationships would be found across individuals in the first study, as well as within individuals in the second study when the hyo-laryngeal length and area changed with different head positions for swallowing. Correcting for individual differences in the location of movement targets would reduce variability in movement magnitudes across individuals. Given a typically lower larynx position in males than females, controlling for larynx position relative to the hyoid would also reduce differences in movement magnitudes between males and females.
Results of both studies supported the hypothesis that swallowing movement magnitudes for airway protection were more goal directed than dependent upon the overall size of the pharyngeal cavity. In Study 1, the extent of laryngeal elevation during swallowing was not scaled by pharyngeal neck length, but by the extent of hyo-laryngeal distance before swallowing. Greater hyo-laryngeal distance before swallowing predicted that the larynx travelled upward a greater distance relative to the distance that the hyoid travelled upward during the swallow. In addition, maximum anterior laryngeal displacement was exponentially related to individual differences in laryngeal position relative to the cervical spine at rest. Scaling laryngeal elevation and anterior movement magnitudes by their movement targets reduced variation among healthy individuals of different age and sex. Study 2 also supported goal-directed movement scaling in swallowing, by demonstrating that healthy individuals compensated for changes in hyo-laryngeal distance at rest induced by changes in head position, by altering their magnitude of laryngeal elevation.
Anatomical predictors of laryngeal displacement during swallowing have not been previously identified. Here, we found that individuals whose larynx was close to the spine (<35 mm) before swallowing used much greater 
Laryngeal elevation
Larynx y position anterior laryngeal displacements during swallowing. This pattern of movement scaling may be necessary to augment UOS opening and widen the pyriform sinuses during swallowing. On the other hand, the larynx might not need to be pulled forward by as much during swallowing if it was already greater than 35 mm away from the spine and further forward movement was not required for UOS opening. In addition, we found that healthy adults with greater hyo-laryngeal distance between the hyoid and the larynx before swallowing adapted to the need for hyo-laryngeal closure in two ways: by elevating their larynx more, and/or by increasing laryngeal elevation distance over hyoid elevation distance. This was necessary because laryngeal elevation had to overcome hyoid elevation in order to reduce the hyo-laryngeal area for airway protection. Difference in initial positions of the hyoid and larynx may contribute to variation in hyo-laryngeal area reduction across individuals. The larynx is lower in the neck in adult males than females and may descend with ageing, thus increasing the hyo-laryngeal area in males and older individuals (Fitch & Giedd, 1999; Leonard et al. 2004; Vorperian et al. 2005) . As hyo-laryngeal area reduction for airway protection is an invariant requirement of swallowing, individuals displaced the larynx to the extent needed to close the area based on their own anatomy. This may explain the large variation in laryngeal elevation magnitude among healthy individuals across age and sex (Molfenter & Steele, 2011) . Correcting for hyo-laryngeal length before swallowing alleviated 66% of variability in laryngeal elevation, while normalizing by pharyngeal neck length only reduced 17% of the variability (Table 3) . Males and females adapted laryngeal elevation to their respective differences in hyo-laryngeal length and area, such that sex differences in laryngeal elevation disappeared after correcting for hyo-laryngeal length and area. Conversely, sex differences were still found after normalizing laryngeal elevation by pharyngeal neck length. These findings suggest that in contrast to hyoid elevation (Molfenter & Steele, 2014) , the control of laryngeal elevation in normal swallowing is better determined by requirements for the goal of airway protection than overall body size.
In Study 2, hyo-laryngeal length at rest was increased by tilting the head backward relative to neutral head position during swallowing. Here, individuals compensated by increasing the magnitude of laryngeal elevation to overcome the initial distance between the hyoid and larynx before swallowing. By raising the larynx to a greater degree than the hyoid, they reduced the distance between the hyoid and larynx during the swallow. Conversely, when hyo-laryngeal length was reduced as the head tilted forward and down relative to neutral head position, the magnitude of laryngeal elevation did not exceed that of hyoid elevation to the same degree. This is consistent with previous reports of chin down positions reducing hyoid to larynx distance at rest (Bülow et al. 1999 (Bülow et al. , 2001 Leigh et al. 2015) , and reducing laryngeal elevation during swallowing (Leigh et al. 2015) . Greater approximation between the hyoid and larynx in chin down position may help the larynx reach its movement target for airway protection earlier (Young et al. 2015) . This may reduce the risk of airway penetration in dysphagic patients with difficulty achieving adequate and/or timely larynx to hyoid approximation for airway protection (Kahrilas et al. 1997; Bülow et al. 2001) .
The immediate compensation for an altered functional movement target that we found in swallowing concurs with previous observations in speech production (Gracco & Abbs, 1985; Houde & Jordan, 1998; Villacorta et al. 2007) . Similarly, Gay et al. (1994) examined the effect of bite block placement in the mouth prior to swallowing. Some of their subjects altered tongue movement to maintain the same degree of palatal contact for swallowing after the bite block was inserted. Thus our results and those of Gay et al. (1994) both suggest that swallowing may be goal directed, and feed-forward control may prime the individual to plan the range of movement needed to complete the task safely and effectively. The predictability of the bite block and prior similar sensorimotor experiences (e.g. tilting the head back to drink) may explain why movement adjustments were immediate in subsequent swallows in our Study 2 and in Gay et al. (1994) . However, they contrast with the gradual compensation of hyoid elevation to unexpected lowering of the hyoid with electrical stimulation of the sternohyoid muscle (Humbert et al. 2006 (Humbert et al. , 2013 . We postulate that this may be due to differences with prior sensorimotor experiences. We modulated hyo-laryngeal length and area by changing head position, which our adult subjects would have experienced previously such as when tilting the head back to finish drinking water from a tall glass. This prior experience, together with ongoing proprioceptive feedback as the bolus was held in the mouth in preparation to swallow, probably facilitated an adjustment of the swallowing motor pattern in response to changes in hyo-laryngeal length and area due to head posture. On the other hand, subjects in the Humbert et al. (2013) study encountered a novel unexpected resistance to hyoid elevation that they might not have had experience with and thus had no internal sensorimotor schema for immediate accommodation. As Humbert et al. (2006) previously demonstrated that surface electrical stimulation primarily lowers the hyoid while the larynx is not lowered to the same degree, the subjects studied by Humbert et al. (2013) may have had to assemble a novel motor response based on sensory feedback and predictive learning over several trials. Perhaps feed-forward control that is dependent upon the sensation of the bolus and position of the upper airway may facilitate swallowing airway protection.
Sensory feedback is crucial for the implicit modulation of the swallow motor response (Jafari et al. 2003; Humbert et al. 2012) . The laryngeal vestibule and the laryngeal surface of the epiglottis contain high densities of slowly and rapidly adapting afferents of the internal branch of the superior laryngeal nerve (iSLN) (Davis & Nail, 1987; Mu & Sanders, 2000; Yoshida et al. 2000) . Discharges from the iSLN increase during laryngeal elevation and thyrohyoid muscle contraction (Shin et al. 1988) . Sensory feedback probably contributes to gradual adaptation of the swallowing motor pattern to laryngeal posture changes during development, to facilitate rapid responses to increased risk of material entering the vestibule. Although our studies were not designed to isolate the effect of feedback control on movement magnitude in swallowing, we postulate that if sensory feedback were impaired, then feed-forward control might be compromised. In the absence of laryngeal sensory feedback after anaesthesia to the iSLN bilaterally, the frequency of penetration increased, and resulted in aspiration in 25% of the swallows in healthy volunteers (Jafari et al. 2003) . Most subjects could not adapt airway protection to mitigate the detrimental effect of sensory loss, despite the fact that anaesthesia was consistent and predictable throughout the experiment (Jafari et al. 2003) . However, 30% of the subjects with initial penetration were able to resume normal airway protection by the end of the experiment (Jafari et al. 2003) . These findings suggest the importance of an intact afferent system for hyo-laryngeal movement scaling to maintain safe swallowing, and the possible influence of altered sensory experience on subsequent feed-forward motor planning. The co-influence of feed-forward and feedback control on each other may explain why different types of aetiologies may impair swallowing airway protection.
Our results demonstrated that the minimal area between the hyoid and the larynx during swallowing scaled to about 60% of the hyo-laryngeal area before the swallow (see Table 3 ) with a regression slope = 0.62 (Table 2) , and when individuals swallowed in different head positions (regression slope = 0.57, Table 5 ). This supports the existence of an internal target or scaling factor that determines the extent of larynx to hyoid approximation in normal swallowing needed for airway protection. Perhaps the swallowing sensorimotor system allows individuals to implicitly learn, through numerous swallows during development and thereafter, how to adjust the magnitude of hyoid and laryngeal displacement to maintain airway protection. Some have found laryngeal penetration occurs with increasing frequency in normal ageing adults without swallowing complaints (McCullough et al. 2007; Butler et al. 2010) . Our results may suggest that the feed-forward mechanism of compensation shown here may become reduced in ageing and lead to increased frequency of penetration in older adults.
We also examined if the amount of approximation between the hyoid and the larynx during swallowing was associated with how much the laryngeal elevation magnitude exceeded that of hyoid elevation. This relationship was significant both between and within individuals (Figs 7 and 9F) . A greater extent of laryngeal elevation relative to hyoid elevation predicted greater reduction in the area between the hyoid and larynx during swallowing. On the other hand, neither anterior hyoid, anterior laryngeal excursion nor hyoid elevation was associated with the extent of area reduction between the hyoid and larynx in Study 1. This suggests that adaptation by the extent of laryngeal elevation may be more important than hyoid elevation to ensure adequate larynx to hyoid approximation for vestibule closure.
We found that individual differences in hyoid elevation magnitude in normal swallowing were related to variation in pharyngeal neck length and hyoid position. However, neither of these measurements predicted the extent of anterior hyoid excursion, a finding that agrees with previous reports (Kang et al. 2010; Molfenter & Steele, 2014) . The extent of anterior hyoid displacement required for UOS opening is proposed to be consistent across individuals and bolus volumes and textures, and thus may contribute to its relative invariance in normal swallowing compared to hyo-laryngeal movements in other directions (Jacob et al. 1989; Kahrilas et al. 1991; Ishida et al. 2002) . Although this study and Molfenter & Steele (2014) found that body size might co-contribute to hyoid elevation magnitude in swallowing and explain sex differences in non-normalized measurements of hyoid elevation, this study did not find sufficient evidence of body size scaling in regulating laryngeal elevation magnitude.
A limitation in Study 1 was that only one bolus size and texture in a single swallow was studied. We do not know if the relationships between spatial measurements at rest and displacement/area measurements during swallowing are specific to swallowing 5 ml of thin liquid in healthy individuals. These relationships may change with different bolus volumes and textures and subjects, altering the mathematical computation of the normalized displacement measurements. Another limitation was our measurement of hyo-laryngeal area rather than vestibule opening and closure areas by defining the rostral boundary by the hyoid rather than the epiglottis. Two-dimensional quantification of changes in the hyo-laryngeal space over time was relatively novel compared to established ways of measuring vestibule width or height, or identifying a single time point when vestibule closure occurs. The surrogate measure of hyo-laryngeal area in this study, although unconventional, still served to quantify spatial changes during hyo-laryngeal approximation for upper airway closure. A further limitation was identified in Study 2 -as larynx and hyoid positions in the antero-posterior plane were not systematically altered by J Physiol 595.5 different degrees of head tilt, their effects on anterior hyoid and laryngeal displacement during swallowing could not be determined. This effect may be observed by comparing swallowing in upright vs. supine positions (Perry et al. 2012) . A previous report demonstrated no change in the coordination of the pharyngeal swallow or the onset of vocal fold closure for airway protection between upright and supine positions during swallowing (Barkmeier et al. 2002) . These findings suggest that hyo-laryngeal movement amplitude rather than timing may adapt to swallowing in different body positions.
Kinematic measurements of swallowing are frequently derived in deglutition literature, but how movements are scaled to maintain the same goal for safe and efficient swallowing across and within individuals is largely unknown. We found that goal-directed movement scaling, which has been reported in other areas of skilled motor control such as speech, was predominant in explaining the extent of hyo-laryngeal displacement in normal swallowing. Larynx to hyoid approximation for vestibule closure and anterior laryngeal displacement away from the cervical spine for UOS opening, are two important movement goals for swallowing. These movement goals probably explain how healthy individuals differed in their extent of hyo-laryngeal displacement produced during swallowing based on their vestibule size and hyo-laryngeal positions at rest prior to swallowing. Under swallowing conditions that altered the hyo-laryngeal length and area before swallowing, individuals also adjusted the extent of hyoid and laryngeal elevation so that laryngeal elevation could override the extent of hyoid elevation to meet an internal target for hyo-laryngeal closure. This adaptation may be possible with years of continued swallowing experience and sensorimotor integration that allow individuals to implicitly employ an internal model of swallowing. This internalized schema is evidence of a feed-forward system that probably depends on sensory feedback of initial positions prior to swallowing to determine the extent of hyo-laryngeal movement required for airway protection during swallowing.
